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EVALUATION 

This  study  was  performed  in  support  of  the  overall  program  of  the 
Solid  State  Applications  Section  directed  toward  developing  adequate 
reliability  screening  and  qualification  testing  sequences  for  micro- 
electronic devices  in  accordance  with  the  Reliability  Technical  Program 
Objective  No.  13.  It  successfully  met  its  objective  which  was  to  provide 
a means  for  predicting  the  stress  on  the  lid  seal  of  a hermetic  package 
under  various  levels  of  pressure  and  constant  acceleration.  These  levels  are 
included  in  the  screening  procedures  imposed  by  MIL-M-38510  and  MIL-STD- 
883.  The  results  of  the  study  will  be  used  by  the  Air  Force  to  establish 
effective  test  levels  as  a function  of  package  size  and  material  and  also  by 
part  manufacturers  as  design  guidelines.  The  equations  which  have  been 
developed  will  be  further  verified  by  experimentation  and  then  used  for 
formulating  revised  screening  requirements  for  proposed  Test  Method  5008, 
"Test  Procedures  for  Hybrid  and  Multichip  Microcircuits."  This  test  method 
ha  ; been  prepared  for  inclusion  in  MIL-STD  883A,  "Test  Methods  and  Procedures 
for  Microelectronics”  to  complete  the  Center  committment  to  the  Joint 
Logistics  Commanders  Joint  Technical  Coordination  Group  Subtask  on  Hybrid 
Microcircuit  Technology  Base. 

H!TER  F.  MANNO 
Project  Engineer 
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I.  SUMMARY 


Earlier  work  is  improved  and  extended  to  provide  formulas  for  the  maxi- 
mum tensile  stress  in  the  lid-to-wall  seal,  the  maximum  lid  deflection,  and 
the  lid  collapsing  pressure  for  a rectangular  flat-pack  under  external  pres- 
sure. It  is  shown  how  these  formulas  can  facilitate  (a)  the  proper  design 
of  the  package  so  that  it  will  retain  its  hermeticity  and  serviceability 
under  a given  screening  pressure,  and  (b)  the  selection  of  a proper  pres- 
sure to  use  in  the  hermeticity  screening  of  an  already  designed  package. 
Information  is  also  given  on  the  approximate  equivalence  of  external  pres- 
sure and  centrifuge  acceleration  in  regard  to  the  seal  stresses  and  lid 
behavior.  Finally,  experimental  data  on  package  hermeticity  are  presented 
which  tend  to  confirm  the  validity  of  the  main  hypotheses  of  the  present 
work. 


II.  INTRODUCTION 

External  pressure,  per  Method  1014.1  of  Reference  1,  is  generally  accepted 
as  a means  of  screening  out  non-hermetic  or  potentially  non-hermetic  micro- 
electronic packages.  Knowing  that  this  is  the  screening  device  to  be  em- 
ployed, the  designer  and  the  user  of  such  packages  are  faced  then  with  the 
following  two  questions,  respectively: 

(a)  Given  the  screening  pressure  to  which  the  package  will  be 
subjected,  what  should  the  design  features  of  the  package  be 

in  order  that  a seal  of  good  quality  will  retain  its  hermeticity 
under  that  pressure? 

(b)  Given  a package  that  is  already  designed  and  available,  what 
screening  pressure  should  be  used  in  order  to  weed  out  (i.e., 
destroy  the  hermeticity  or  aggravate  the  non-hermeticity  of) 
those  seals  at  the  low  end  of  the  quality  spectrum? 
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In  Reference  2 simple  formulas  and  charts  were  developed  as  an  aid  in 
answering  these  two  questions  for  rectangular  flat-packs.  The  work  of 
Reference  2 was  limited  to  the  case  in  which  the  package  walls  were  of 
constant  thickness  and  material  and  the  lid-to-wall  seal  extended  across 
the  entire  thickness  of  the  top  of  the  wall.  In  Reference  3 this  work  was 
extended  to  include  walls  whose  thickness  and  materials  might  vary  from 
top  to  botto.m  and  seals  whose  widths  were  narrow  compared  to  the  wall  thick- 
ness at  the  top  of  the  wall. 

In  the  present  paper  we  take  these  two  questions  up  again  and  make 
further  improvements  and  additions  to  the  previous  work  (References  2 and  3). 
These  include:  (a)  more  reasonable  definitions  of  the  length  and  width  of  the 
package  lid,  (b)  more  reasonable  assumptions  regarding  the  elastic  restraint 
furnished  to  the  package  walls  by  the  base,  (c)  more  complete  data  on  lid 
deflections,  (d)  formulas  for  the  ultimate  strength  of  the  lid  under  external 
pressure,  and  (e)  experimental  data  on  package  hermeticity  tending  to  vali- 
date the  main  hypotheses  of  the  present  work.  Thus,  the  present  report 
supersedes  References  2 and  3,  except  for  certain  derivations  in  Reference  2 
related  to  the  present  Figures  7,  8 and  11.  These  derivations  are  not  repeated 
in  the  present  work. 

The  symbols  to  be  used  are  defined  where  first  introduced,  and  the 
definitions  are  also  compiled  in  Appendix  A for  ease  of  reference. 

Acknowledgment . - This  report  was  written  under  Contract  No  F30602-71-C-0312 
for  Advanced  Reliability  and  Maintainability  Studies  with  the  Air  Force 
System  Command's  Rome  Air  Development  Center,  Griffiss  Air  Force  Base,  New 


York. 


III.  DESCRIPTION  OF  PACKAGES 


The  package  configuration  is  rectangular,  as  shown  in  Figure  1,  with  the 
cavity  having  a width  a,  length  b,  and  height  h.  Note  that 
a and  b are  measured  just  under  the  lid  and  a denotes  the  shorter  of  the 
two  dimensions  (if  they  are  not  equal).  The  dimension  h is  assumed  to  be 
small  compared  to  a and  b. 

For  analytical  purposes  the  lid  will  be  considered  to  be  th  t part  of 
the  cover  directly  over  the  cavity.  Thus  the  width  and  length  of  the  lid 
are  also  a and  b,  respectively.  The  lid  thickness  t is  assumed  small 
compared  to  a and  b.  The  Young's  modulus  (modulus  of  elasticity)  of  the 
lid  material  is  assumed  to  be  known  and  is  designated  by  the  symbol  E. 
Similarly,  the  Poisson's  ratio  of  the  lid  material  is  assumed  to  be  known 
and  is  denoted  by  v.  For  most  materials  there  is  little  error  in  assuming 
v =0.3.  From  E,  t and  v one  can  compute  D,  the  so  called  "plate 
flexural  stiffness"  of  the  lid,  defined  as  follows: 

D i Et3/ [12 (1  - v2)]  (1) 

Two  kinds  of  wall  construction  will  be  assumed,  namely  "uniform"  and 
"stepped,"  as  illustrated  in  Figures  2(a)  and  (b) . In  the  former,  which 
is  typical  of  an  all  metal  package,  the  material  and  the  thickness  w are 
constant  along  the  entire  height  of  the  wall.  In  this  case  and  vw 

will  denote  the  Young's  modulus  and  Poisson's  ratio  of  the  wall  material, 
and 


D i E w3/[12(l  - v 2)  ] 
w w w 


(2) 


will  denote  its  plate  flexural  stiffness.  In  the  stepped  wall,  which  is 
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illustrated  in  Figure  2(b)  , the  material  and/or  the  thickness  are  only 

piece-wise  constant.  In  such  a wall  w,  w^,  w?  ....  will  denote  the 

thicknesses  of  the  several  segments,  starting  from  the  top.  E , E , 

w 1 

E , ....  will  denote  their  respective  Young's  moduli;  v , v , v„, 

Z W 1 z 

their  Poisson's  ratios;  and  D , D , D„  , ...  their  plate  flexural  stiff- 

w ] z 

nesses,  defined  as  follows: 

E w ‘ E w 5 E_w„ 3 

D 5=5 , D LJ—  , D = .... 

12 ( 1-v  2)  1 12(l-v  2)  2 12 ( 1-v  2) 

w 1 z 

The  top  of  the  top  segment  of  the  wall  will  have  a height  above  tne  base 
that  is  equal  to  h,  the  depth  of  the  cavity.  The  heights  of  the  tops  of 
the  remaining  segments  above  the  base  will  be  denoted  by  h^ , h^ > . ..,  re- 
spective ly,  as  indicated  in  Figure  2(b).  In  a typical  three-segmented  stepped 
wall,  like  the  one  shown  in  Figure  2(b),  the  top  segment  might  be  a metal 
seal  frame  and  the  other  two  segments  would  be  of  glass. 

Two  kinds  of  lid-to-wall  seal  will  be  considered:  the  "wide  seal"  and 

the  "narrow  seal,"  which  are  illustrated  in  Figure  3.  In  the  former,  the 

seal  width  w is  essentially  equal  to  the  thickness  w of  the  top  of 
s 

the  wall.  This  kind  of  seal  would  result  typically  from  the  use  of  a solder 
preform.  In  the  narrow  seal,  which  is  the  kind  usually  resulting  from  a 
cold-weld  sealing  process,  the  seal  width  Wg  is  much  smaller  than  w,  and 
the  seal  is  confined  to  the  outer  limits  of  the  lid-wall  interface.  In  such 
a seal,  e will  denote  the  distance  from  the  inner  edge  of  the  wall  top 
to  the  middle  of  the  seal  width  (see  Figure  3(b)). 

In  the  analytical  work  to  follow  it  will  be  assumed  that  all  four  walls 
are  identical,  except  possibly  for  their  lengths.  In  actual  packages  the 
wall  construction  may  be  slightly  different  along  one  pair  of  parallel 


sides  than  along  the  other.  If  that  is  the  case,  then  for  analytical  purposes 
the  construction  of  the  longer  sides  souid  be  assumed  to  prevail  on  all 
four  sides,  unless  the  package  is  square  or  nearly  square.  If  the  package 
is  square  or  nearly  square  separate  calculations  should  be  made  assuming 
first  one,  then  the  other  wall  construction  to  prevail  and  the  more  con- 
servative results  adopted  as  the  basis  for  any  design  or  screening  decisions. 

IV.  MAIN  HYPOTHESES 

The  following  two  hypotheses  form  the  main  basis  of  the  present  work: 

(a)  Under  hydrostatic  external  pressure  the  lid  of  the  package  may 
be  regarded  as  a uniformly  loaded  rectangular  plate,  of  width 
a and  length  b,  with  edges  elastically  restrained  against 
rotation,  this  restraint  being  furnished  by  the  walls  of  the 
package . 

(b)  The  external  pressure  weeds  out  unsatisfactory  seals  by  creating 
tensile  stresses  in  the  outer  portions  of  the  sealing  material 
that  exceed  the  tensile  strength  of  that  material.  In  poor 
quality  seals  (e.g.,  those  containing  voids  or  inclusions  of 
foreign  matter)  this  tensile  strength  will  presumably  be  lower 
than  in  good  quality  seals. 

Hypothesis  (a)  implies  that  we  must  determine  the  degree  of  elastic  re- 
straint furnished  by  the  walls  to  the  edges  of  the  lid,  and  this  is  done 
in  the  next  section. 


V.  ELASTIC  RESTRAINT  FURNISHED  TO  THE  LID  BY  THE  WALLS 
The  walls  will  be  regarded  as  wide  vertical  beams  of  length  (i.e.  , 
height)  h,  with  the  loca]  rotation  9 (in  radians)  at  the  upper  end  pro- 
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portional  to  the  local  intensity  M of  the  bending  moment  per  unit  width 
exerted  upon  the  wall  by  the  lid  as  it  flexes  under  under  external  hydro- 
s tatic  pressure*.  This  relationship  can  be  expressed  as 


M = ke 


(4) 


where  k is  a proportionality  constant.  The  value  of  k depends  upon  the 
moment  ^ per  unit  width  which  the  base  of  the  package  exerts  upon  the 
lower  end  of  the  wall  (see  Figure  4(a)).  In  what  follows  we  will  make  the 
simplifying  assumption  that  = M,  as  shown  in  Figure  4(b).** 

Assuming  = M,  and  analyzing  the  wall  as  a wide  beam  of  length  h, 
we  arrive  at  the  following  formula  for  k: 

D 

v w 


where  a is  a dimensionless  constant  whose  value  depends  on  the  nature  of 
the  wall.  If  the  wall  is  uniform,  as  in  Figure  2(a), 


a * ^ (6a) 

If  the  wall  is  a three-segmented  stepped  wall,  as  in  Figure  2(b), 


*The  lid  exerts  a vertical  force  as  well  as  a moment  upon  the  inside 
edge  of  the  top  of  the  wall.  The  small  additional  bending  of  the  wall  due 
to  this  force  is  being  neglected. 

**This  assumption  is  correct  in  the  case  of  a uniform  wall  with  the 
base  and  lid  identical,  for  then  a horizontal  plane  of  symmetry  exists  at 
the  mid-height  of  the  package.  It  is  also  nearly  correct  in  the  case  of 
snort  stubby  wails  (uniform  or  not)  that  effectively  clamp  the  edges  of  the 
lid  and  base  (which  need  not  be  identical).  This  is  because  the  bending 
moments  along  the  edges  of  a clamped  rectangular  plate  under  uniform  pres- 
sure are  virtually  independent  of  the  plate  material  and  thickness,  depending 
almost  entirely  on  the  pressure  and  the  dimensions  a and  b (see  Table 
35  of  Reference  4);  thus  the  lid  and  base,  having  the  same  pressure  and 
being  about  the  same  size,  will  have  nearly  identical  distributions  of  bending 
moments  around  their  edges  when  the  latter  are  in  a clamped  or  nearly  clamped 
state.  Since  most  packages  fall  fairly  close  to  one  or  both  of  the  two 
cases  just  described,  the  assumption  M.  = M is  felt  to  be  appropriate. 
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For  an  n-segmented  stepped  wall. 


D / h2-h  2 h 2-h  2 h 2-h  2 h2  . 

w | 1 1 2 2 3 n-1 

h7  l- 5 + D,  +'--+D 


w 


n-1 


(6b) 


(6c) 


Setting  D.  = D = . . . = D in  Eqs.  (6b)  and  (6c)  reduces  them  to  (6a),  as 

1 L W 

it  should. 

For  later  use  we  not  introduce  a dimensionless  wall  stiffness  para- 
meter, K,  which  is  essentially  a measure  of  the  ratio  of  the  wall  flex- 
ural stiffness  to  the  lid  flexural  stiffness.  K is  defined  as  follows: 


K = 72 


tt2  (D/a)  tt  h D 


4 a w 
it?  h n a 


(7a) 


If  the  Poisson's  ratios  v and  are  equal,  this  definition  reduces 

to 


v _ 4 a w 
K'?hl 


(T> 


(7b) 


In  graphs  to  be  given  later,  certain  quantities  are  plotted  as  functions  of 
arctan  K,  rather  than  as  functions  of  K.  Figure  5 will  permit  an  easy 
conversion  from  K to  arctan  K.  For  most  packages  arctan  K will  be 
fairly  close  to  the  upper  limit  of  tt/2,  or  1.57,  implying  that  the  edges 
of  the  lid  are  very  close  to  being  clamped  by  the  walls. 


VI.  FORMULA  FOR  MAXIMUM  TENSILE  STRESS  IN  THE  SEAL 
A.  Derivation.-  Under  the  action  of  a uniform  gage  pressure  p (psi) , 
reactions  will  develop  along  the  edges  of  the  lid,  as  depicted  in  Figure  6. 
These  will  include  bending  moments  of  varying  intensity  M (in. -lb  per  in.), 
due  to  the  restraint  against  rotation  furnished  by  the  walls,  and  an  effective 
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vertical  shear  of  varying  intensity  V (lb  per  in.)-  The  maximum  values  of  M 
and  V occur  at  the  middle  of  the  long  side  and  can  be  expressed  as 


M = n , 
max  1 


= n o 

max  2 


pa* 


pa 


(8) 

(9) 


where  n^  and  n0  are  functions  of  the  elastic  restraint  parameter  K 
and  the  aspect  ratio  b/a  of  the  lid.  The  values  of  n^  and  n ^ asso- 
ciated with  any  given  configuration  can  be  obtained  from  Figures  7 and  8, 

* 

respectively. 

The  maximum  tensile  stress  S in  the  seal  is  most  likely  to  occur 

max  J 

at  the  middle  of  the  long  side,  where  the  bending  moment  transmitted  from 

the  lid  to  the  wall  is  a maximum.  At  this  location  the  bending  moment 

M and  vertical  shear  V are  transferred  to  the  edge  strip  of  the 
max  max  ° v 

** 

cover  directly  over  the  wall,  as  shown  in  Figure  9.  The  edge  strip  trans- 
fers these  in  turn  to  the  top  of  the  wall,  along  with  the  force  pw  per 

unit  length  due  to  the  hydrostatic  pressure  P acting  at  the  top  of  the 

edge  strip.  Thus,  the  edge  strip  is  essentially  a loading  device  to  trans- 
fer the  forces  shown  in  Figure  9 to  the  wall  below  it. 

The  states  of  stress  assumed  to  be  developed  at  the  top  of  the  wall, 

as  a result  of  the  forces  applied  to  it  by  the  edge  strip  in  the  middle  of 


In  Figure  7 the  data  for  a clamped  plate  (K  = ® , arctan  K = n/2)  are 
taken  from  Table  35  of  Reference  4.  All  other  data  in  this  figure  are 
based  on  the  analysis  in  Appendix  A of  Reference  2.  In  Figure  8 the  data 
for  a simply  supported  plate  (arctan  K = 0)  are  from  Table  8 of  Reference  4. 
The  data  for  a clamped  plate  (arctan  K = tt/2)  are  based  on  the  analysis  in 
Appendix  B of  Reference  2.  The  curves  for  elastically  restrained  plates 
(arctan  K = .4,  .8.,  1.2)  were  inserted  by  interpolation,  assuming  a linear 
variation  of  n2  with  respect  to  arctan  K,  which  is  approximately  the  varia- 
tion obtained  for  n^.  In  view  of  the  small  change  in  n£  in  going  from 
simple  support  to  clamping  (around  6%  at  the  most)  and  the  small  role 
that  n2  will  play  in  the  subsequent  development,  the  linear  interpolation 
employed  in  Figure  8 is  considered  acceptable. 

* Recall  that  for  analytical  purposes  we  are  considering  the  lid  to  end 
at  the  inner  edges  of  the  wall. 


the  long  side,  are  shown  in  Figure  10.  In  the  case  of  a wide  seal  we  are 

assuming  a linear  variation  of  normal  stress  across  the  thickness  of  the 

wall.  In  the  case  of  a narrow  seal  we  assume  instead  a uniform  tensile 

stress  in  the  seal  area  together  with  a concentrated  compressive  line  load 

along  the  inner  edge  of  the  wall.  In  both  cases  the  maximum  tensile  stress 

S in  the  seal  material  occurs  at  the  outside  edge, 
max 

The  stress  distributions  of  Figure  10  must  be  statically  equivalent  to 
the  loading  of  Figure  9.  For  this  equivalence  one  can  deduce  the  following 
expressions  for  the  maximum  tensile  stress  in  the  seal: 


S 

max 


M 


+ V 


max  2 / w 


7 ^2-  P + 


(10a) 


in  the  case  of  a wide  seal  (Figure  10(a)),  and 


M - — pw2 
max  2 

w e 
s 


(10b) 


in  the  case  of  a narrow  seal  (Figure  10(b)).  Substituting  for  M and 

° max 

V their  known  values  from  Equations  (8)  and  (9) , we  obtain  the  following 
max 


formula  for  computing  S 


max 


S = p(-)  n 
max  w 


(ID 


where 


n = 6n_  + 2n_  - - (-)' 
1 2 a a 


in  the  case  of  a wide  seal,  and 


1 w 2 w2 

n = [n.  - 4 (-)  ] — 

1 2 a ew 


(12a) 


(12b) 


in  the  case  of  a narrow  seal. 


B.  Application  to  Desi 


Formulas  (11)  and  (12)  are  the  main  results 


of  the  derivation.  They  can  be  of  use  both  to  the  designer,  whose  objective 
is  to  design  a package  that  will  remain  hermetic  under  a specified  screening 
pressure,  and  the  user,  whose  objective  is  to  select  an  appropriate  screening 
pressure  that  will  destroy  the  hermeticity  of  packages  with  poor  quality 
seals . 

Considering  first  the  designer,  let  us  suppose  that  he  knows  the  sealing 

material  to  be  used  and  has  a value  for  the  allowable  tensile  stress  S ,, 

all 

of  that  material.  Then  his  criterion  for  a satisfactory  design,  from  the 

point  of  view  of  retaining  hermeticity  under  external  pressure,  should  be 

that  S , as  given  by  Eq . (12),  be  less  than  S ...  That  is, 
max  ° J n all 


P <£> 


n < S 


all 


(13) 


where  p is  the  largest  anticipated  screening  pressure. 

In  selecting  S ^ the  designer  should  of  course  be  conservative.  If 
is  taken  as  the  median  tensile  strength  of  the  sealing  material, 
then  packages  designed  on  the  basis  of  the  equality  sign  in  Equation  (13) 
will  have  a failure  rate  of  approximately  50%  even  if  properly  sealed.  (The 
failure  rate  will  be  still  higher  for  a mixture  of  properly  and  improperly 
sealed  packages.)  On  the  other  hand,  if  the  designer  selects  for  S ^ 
the  lowest  1-percentile  value  of  the  material  strength,  then  he  should 
expect  only  a 1%  failure  rate  for  properly  sealed  packages  designed  on  the 
basis  of  Equation  (13)  with  the  equality  sign.  The  designer  should  also 
consider  the  possibility  of  the  sealing  material  having  a different  tensile 
strength  after  deposition  in  the  package  than  before. 

There  is  one  special  precaution  to  be  observed  in  applying  Equation  • 
(13)  to  a stepped-wall  package  (Figure  2(b)).  In  such  a package  the  upper- 
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most  wall  segment  is  typically  a metal  seal  frame,  while  the  segment  below 

it  is  of  glass.  In  that  case,  the  critical  seal  could  be  the  glass-metal 

interface  (or  the  glass  itself)  at  the  underside  of  the  seal  frame,  rather 

than  the  metal-to-metal  bond  at  the  top  of  the  seal  frame.  This  will 

certainly  be  the  case  if  the  latter  bond  forms  a wide  seal  and  the  tensile 

strength  of  the  sealing  material  there  exceeds  the  tensile  strength  of  the 

glass  just  below  the  seal  frame.  In  any  event,  the  designer  should  be  sure 

that  the  inequality  in  Equation  (13)  is  satisfied  for  both  seals  - the 

usually  wide  (but  possibly  narrow)  one  at  the  top  of  the  seal  frame,  with 

based  on  the  tensile  strength  of  the  sealant  there;  and  the  wide  seal 

of  width  w at  the  underside  of  the  seal  frame,  with  S ,,  based  on  the 

all 

tensile  strength  of  the  glass. 

It  could  happen  that  the  designer  has  very  little  data  on  the  distri- 
bution of  tensile  strength  values  for  the  sealing  material,  or  even  on  the 
mean  strength,  but  he  does  know  that  a certain  previously  designed  similar 
package,  designated  as  I,  when  properly  sealed  with  the  same  material  had 
an  acceptable  failure  rate  F under  a screening  pressure  of  p^.  Then  in 
order  for  the  new  package,  designated  as  II,  to  have  a failure  rate  no 
greater  than  F when  properly  sealed  and  subjected  to  its  screening  pres- 
sure he  should  so  design  package  II  that  its  is  no  greater 

than  that  of  package  I.  Thus,  referring  to  Equation  (11),  his  criterion 
for  a satisfactory  design  of  package  II  should  be 


or 


pII 

[<e»2 

n]  1 

[<5>2 

11 

K 

"1 

Pl 

[ (-) 2 n ] 

L w 

J ii 

1 PlI 

L w J 

(14) 
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If  the  same  screening  pressure  is  to  be  used  for  package  II  as  for  package 
I,  this  design  criterion  becomes 


(15) 


C.  Application  to  Screening.-  Turning  now  to  the  user  of  an  already 

designed  package,  let  us  first  suppose  that  he  has  a minimum  acceptable 

value,  S , for  th  tensile  strength  of  the  seal  and  wants  to  be  sure 

of  rejecting  all  packages  with  seal  strengths  less  than  that.  Then  he 

should  select  a screening  pressure  p such  that  the  S defined  bv  Equation 

max 

(11)  is  equal  to  or  greater  than  S . Thus,  the  required  screening 

accept 

pressure  is  defined  by 


S 


p,_acce2t  (16) 

ra\  2 

(-)  n 

w 

It  is  more  than  likely,  however,  that  the  user  of  the  package  will 
not  have  enough  information  about  the  sealing  material  to  be  able  to 
specify  a value  for  S , but  he  might  know  that  in  the  past  a certain 

pressure  p^  was  considered  suitable  for  the  screening  of  a certain  package, 
designated  as  I,  employing  the  same  sealing  material  as  the  present  pack- 
age, which  we  shall  designate  as  II.  Then  his  criterion  for  selecting  a 
suitable  screening  pressure  p^^  for  the  present  package  should  be  that  the 

S of  package  II,  under  the  pressure  pTT,  be  at  least  as  big  as  the 
max  r rII  & 

S of  package  I under  the  pressure  p . Referring  again  to  Equation  (11), 
max  1 

we  see  that  the  criterion  for  selecting  p^  is  then 


P 


II 


or 


[<;>2  nlui  |>I  [(;)?  n]: 


(17) 


PII  - PI 


VII.  LID  DEFLECTION 

The  maximum  deflection  6 of  the  lid  under  the  lateral  pressure  p will 

max 

occur  at  the  center  of  the  lid.  Both  the  designer  and  the  user  must 
concern  themselves  with  this  deflection,  in  order  to  insure  that  during 
any  screening  the  lid  will  not  come  in  contact  with  the  contents  of  the 
package.  In  this  section  we  present  formulas  and  graphs  for  estimating 

6 

max 

An  analysis  based  on  the  small-deflection  theory  of  elastic  plates 
is  carried  out  in  Appendix  A of  Reference  2 and  leads  to  the  following 
result : 

6max  = n4  *0"  = 12(1‘v2)  E (7}  ^ (18) 


where  n^  is  a function  of  K and  b/a,  whose  value  can  be  obtained  from 
Figure  11.  With  v taken  as  0.3,  this  formula  reduces  to 


6 

max 


10.92  §• 
E 


<!> 


3 

an4 


(19) 


It  is  well  known,  however,  that  small-deflection  theory  tends  to  over- 
estimate the  deflection.  Figure  12  therefore  presents  curves  from  which 
a correction  factor  n^ , based  on  large-deflection  theory,  can  be  esti- 
mated. With  this  correction  factor  incorporated  in  them,  the  above 
formulas  now  read 


<5 

max 


12 (1-v2)  £ 


<!> 


3 

an.nc 
4 5 


10.92  | 

Cl 


<?> 


"4"5 


(20) 
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The  graphs  of  n,_  (Figure  12)  require  some  explanation.  Although 
data  for  n^  are  available  for  K values  ranging  from  0 to  °°  (arctan  K 
ranging  from  0 to  tt/2)  , data  for  n,.  are  available  only  for  the  limiting 
cases  of  simple  support  (K  = arctan  K = 0)  and  clamping  (K  = °° , 
arctan  K = tt/2)  . Therefore  interpolation  between  a K = <*>  graph  and  a 
K = 0 graph  of  Figure  12  may  sometimes  be  needed  in  estimating  n,..  A 
linear  interpolation  based  on  arctan  K should  be  sufficiently  accurate 
for  practical  purposes,  although  inmost  cases  the  assumption  K = 00 
would  also  be  suitable.  A second  difficulty  associated  with  the  estima- 
tion of  n,.  derives  from  the  fact  that  the  large-deflection  behavior  of  a 
plate  is  sensitive  to  whatever  restraint  the  plate  edges  are  under  in 
regard  to  their  movement  in  the  plane  of  the  plate.  Graphs  (a)  and  (c) 
of  Figu  a 12  assume  that  such  restraint  is  negligible;  these  graphs  are 

felt  to  be  appropriate  when  the  wall  stretching  stiffness  (e.g.,  E hw  in 

w 

the  case  of  a uniform  wall)  is  small  compared  to  the  lid  stretching 
stiffness.  Eat.  Graphs  (b)  and  (c) , on  the  other  hand,  assume  that  the 
edges  are  free  to  curve  inward  but  not  to  strain  along  their  length; 
these  graphs  are  more  appropriate  for  cases  in  which  the  wall  stretching 
stiffness  is  large  compared  to  the  lid  stretching  stiffness.  In  most 
cases  the  use  of  Figure  12(c)  alone  will  be  sufficiently  accurate  for 
practical  purposes  and  also  conservative  - i.e.,  it  will  over-estimate 
the  lid  central  deflection  due  to  a given  pressure. 

Figures  11  and  12  are  both  based  on  the  premise  of  linear  elasticity 
(Hooke's  Law).  Therefore  they  are,  strictly  speaking,  not  valid  when 
the  stresses  in  the  lid  become  sufficiently  high  to  initiate  plastic  flow 
(yielding).  For  lids  of  a brittle  material,  however,  (e.g.,  ceramic) 
there  is  little  plastic  flow.  Consequently,  for  such  lids,  deflection 
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calculations  based  on  Equation  (20)  should  be  valid  up  to  the  point  of 
fracture  (which  will  be  discussed  in  the  next  section).  For  lids  of  a 
ductile  material,  such  as  Kovar,  there  will  be  a plastic  flow  regime  prior 
to  complete  collapse,  in  which  deflections  computed  cn  the  basis  of 
Equation  (20)  will  be  too  low.  There  is  no  general  solution  available  for 
plate  deflections  in  this  regime,  but  fortunately  there  is  some  evidence 
to  indicate  that  the  plastic  zones  must  be  quite  extensive  before  the 
elastic  deflections  become  seriously  in  error  (see  Reference  7 and 
pp . 31-36  of  Reference  6).  One  can  infer  from  the  discussion  in  Reference 
6 that  elastic  theory  may  be  sufficiently  accurate  as  long  as  the  maxi- 
mum "effective  stress"  o in  the  lid,  computed  on  the  basis  of  elastic 

max 

theory,  does  not  exceed  1.5  , where  a ^ is  the  tensile  yield  stress  of 

the  lid  material.  Thus,  an  approximate  criterion  for  the  validity  of 
Equation  (20)  is 


o < 1.5  a (21) 

e y 

max  J 

where  og  is  the  effective  stress  of  Von  Mises'  distortion-energy  criterion 

of  yielding.  In  order  to  facilitate  the  use  of  Equation  (21) , graphs  from 

Reference  6 are  presented  in  Figure  13,  from  which  the  values  of  o in 

max 

the  lid  can  be  estimated  for  any  value  of  the  applied  pressure.  The  graphs 

of  Figure  13  are  for  the  same  four  sets  of  boundary  conditions  as  those 

of  Figure  12.  They  give  a dimensionless  constant  n,  related  to  o as 

o e 

max 

follows : 

ce  = n6E  (f)2  (22) 

max 

In  view  of  this  relationship,  the  criterion  (21)  can  be  written  as 


■*  < « f <f>2 


If  this  inequality  is  satisfied  for  any  given  pressure,  a deflection 
calculation  based  on  Equation  (20)  can  be  regarded  as  reliable;  if  not, 
one  should  assume  that  Equation  (20)  might  be  significantly  low. 


VIII.  LID  COLLAPSING  PRESSURE 

Any  calculation  of  seal  stresses  or  lid  deflection  is,  of  course, 
not  valid  if  the  pressure  exceeds  that  which  will  collapse  the  lid.  There- 
fore it  is  important,  in  both  screening  and  design,  to  be  able  to  estimate 
the  lid  collapsing  pressure,  and  in  this  section  formulas  are  presented 
to  facilitate  making  such  an  estimate.  In  presenting  these  formulas  we 
consider  separately  lids  of  a brittle  material,  such  as  ceramic,  and  lids 
of  a ductile  material,  such  as  Kovar,  since  the  mechanism  of  collapse 
is  different  for  both  types. 

A.  Brittle-Material  Lids.-  For  a structural  element  made  of  a per- 
fectly brittle  material  it  is  often  assumed  that  fracture  will  occur  when 

the  calculated  maximum  tensile  stress  o in  the  element  equals  the 

max 

ultimate  tensile  strength  a of  the  material.  Ceramics  employed  for  micro- 
electronic packaging  may  not,  however,  be  perfectly  brittle  in  flexure. 

This  is  evidenced  by  the  fact  that  quoted  values  of  the  modulus  of  rupture 

a,  (also  called  "flexural  strength")  of  such  ceramics  are  somewhat  higher 
b 

than  the  quoted  values  of  a (see  Reference  8 for  examples).  Therefore 
it  may  be  more  realistic  for  our  purposes  to  take  the  following  as  a cri- 
terion of  fracture  or  collapse  of  supposedly  brittle-material  lids: 


> 

a — 
max 


(24) 


In  order  to  apply  this  criterion,  one  must  have  information  on  o as 

max 

a function  of  the  applied  pressure  p.  Information  of  this  kind  is  pre- 
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seated  in  Figure  14,  which  is  based  mainly  on  Reference  6.  Figure  14 

gives  o through  a dimensionless  constant  n.,  related  to  a as  follows: 
max  7 max 


a 

max 


n7E 


(25) 


This  relationship  permits  the  collapse  criterion  (24) 
lids  to  be  written  as 


for  brittle-material 


(26) 


where  is  a material  constant  (the  modulus  of  rupture  or  "flexural 

strength")  and  n^  can  be  estimated  from  Figure  14  for  any  given  lid  and 

pressure.  The  graphs  of  Figure  14  are  for  the  same  four  sets  of  boundary 

conditions  as  Figures  12  and  13.  In  most  cases  part  (c)  of  Figure  14 

will  be  appropriate  for  the  determination  of  n^.  For  a more  accurate 

determination  of  n^,  linear  interpolation  (based  on  arctan  K)  between  the 

* 


graphs  of  Figure  14  may  be  used. 

B.  Ductile-Material  Lids.-  In  the  case  of  a plate  of  ductile  material 
under  lateral  pressure,  collapse  is  usually  assumed  to  occur  through  the 
formation  of  plastic-hinge  lines  (yield  lines).  An  approximate  analysis 
based  on  that  assumption  is  described  in  Appendix  B and  leads  to  the  fol- 
lowing expression  for  the  collapsing  pressure  Pu^tjmate  a ductile- 
material  lid: 


^ultimate 


[4  + 3.2  £ + 3.5  (ffMo  (V 
b b y a 


(27) 


where  is  the  tensile  yield  stress  of  the  lid  material.  Equation  (27) 
is  likely  to  be  conservative,  because  in  its  derivation  the  possible 

* 

Such  linear  interpolation  is  not  rigorously  correct,  because  o 

max 

does  not  behave  monotonically  with  arctan  K,  but  small-deflection  data 
suggests  that  it  will  be  conservative. 
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strengthening  effect  due  to  membrane  action  was  not  taken  into  account.  A 


graph  of  the  bracketed  term  in  Equation  (27)  can  be  found  in  Figure  22, 

where  it  is  represented  by  the  symbol  nQ. 

o 


IX.  FLAT-PACKS  IN  A CENTRIFUGE 

As  part  of  the  total  screening  process,  packages  are  frequently 
spun  in  a centrifuge  in  such  a way  that  the  centrifugal  force  tends  to 
push  the  lid  into  the  cavity.  As  far  as  the  lid  alone  is  concerned,  this 
centrifugal  force  is  equivalent  to  a lateral  pressure  of  Gtd,  where 
d = specific  weight  (weight  per  unit  volume)  of  the 
lid  material 
t = thickness  of  lid 

G = centripetal  acceleration  in  units  of  g 

and 


g = acceleration  of  gravity. 

If  t is  in  inches  and  d in  lbs  per  cubic  inch,  the  formula 


P . . ~ Gtd  (27) 

equivalent 

will  give  the  effective  pressure  in  psi  due  to  a centrifuge  acceleration 
of  G g's.  Alternatively,  given  any  pressure  p,  we  have  from  Equation  (27) 
the  following  formula  for  the  number  of  g's  of  centrifuge  acceleration 
equivalent  to  that  pressure: 


G = r (28) 

equivalent  td 

As  an  example  of  the  use  of  this  formula,  let  us  consider  a lid  of  .030  in. 
thickness  and  .302  lb/in.3  specific  weight  and  ask  how  many  g's  of  centri- 
fuge acceleration  are  equivalent  to  a lateral  pressure  of  30  psi.  From 
Equation  (28)  we  obtain  the  following  answer: 
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(29) 


equivalent 


30 

( . 030) ( . 302) 


3310  (g’s) 


By  virtue  of  the  equivalence  relation  (27)  , all  the  formulas  and 
graphs  of  the  preceding  sections  can  be  made  to  apply  to  a package  in  a 
centrifuge  simply  by  replacing  the  symbol  p everywhere  by  Gtd.  In  this 
way,  for  example,  the  following  formula  is  obtained  from  Equation  (20) 
for  the  central  deflection  of  the  lid  of  a package  in  a centrifuge: 

o = 10.92  ^ (-V  a n.  nc  (30) 

max  E t 4 5 

where  n^  is  to  be  obtained  from  the  graphs  of  Figure  12  with  the  abscissa 
labels  therein  changed  to  Gtda4/Et4.  Similarly,  Equation  (11)  gives  the 
following  formula  for  the  maximum  tensile  stress  in  the  seal: 

a 2 

S = Gtd  (-)  n (31) 

max  w 

It  should  be  noted,  however,  that  the  interaction  among  the  base, 
the  walls,  and  the  lid  is  slightly  different  for  a package  in  a centri- 
fuge than  for  the  same  package  under  hydrostatic  pressure.  Therefore 
the  values  of  a to  be  used  in  Equations  (7)  for  evaluating  K are  no 
longer  strictly  as  given  by  Equations  (6).  The  appropriate  values  of  a 
depend  on  th°  manner  in  which  the  package  is  supported  in  the  centrifuge. 

Two  possible  types  of  support  are  illustrated  in  Figure  15.  In  the 
first.  Figure  15  (a),  the  package  is  supported  only  along  its  edges. 

The  lid  and  the  base  then  deflect  in  the  same  direction  (rather  than  in 

opposite  directions,  as  they  would  under  hydrostatic  pressure).  If  the 

base  and  lid  are  identical  the  bending  moment  intensity  acting  upon 
the  bottom  of  the  wall  will  equal  the  bending  moment  intensity  M acting 
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upon  the  top  of  the  wall,  and  both  bending  moments  will  have  the  same 


sense.  If  the  base  and  lid  are  not  identical,  the  equality  of  and  M 
does  not  hold;  instead  a reasonable  assumption  is 


M,  = MB 


(32) 


where 


mass  of  base 
mass  of  lid 


(33) 


and  the  base,  like  the  lid,  is  considered  to  end  where  it  meets  the  walls. 
Analyzing  the  wall  as  a wide  beam  under  bending  moments  per  unit  width 
of  M at  the  top  and  = MB  at  the  bottom,  both  having  the  same  sense,  we 
arrive  at  the  following  formulas  to  replace  (6a)  and  (6b),  respectively. 


a 


6 

2-8 


(34a) 


a 


(6h 3/D  ) 
w 


+(26+2) 


h3-h^3 

5 

w 


(34b) 


The  replacement  for  Equation  (6c)  can  be  written  by  noting  the  pattern  of 
the  terms  in  the  denominator  of  Equation  (34b)  and  extending  it  to  n seg- 
ments . 

A more  likely  support  condition  is  that  illustrated  in  Figure  15(b). 
There  the  base  is  firmly  bonded  to  a flat  surface,  producing  an  essentially 
clamped  condition  for  the  bottoms  of  the  walls.  The  following  formulas 
should  then  be  used  in  place  of  (6a)  and  (6b),  respectively: 


a = 4 (35a) 

a = Same  expression  as  (34b)  , but 
with  8 defined  by  Equation  (36) 

below,  instead  of  Equation  (33).  (35b) 


8 


(36) 


Equation  (35b)  reduces  to  (35a) , as  it  should,  when  D„  = D,  = D . To  ob- 

2.  1 w 

tain  a replacement  for  Equation  (6c)  we  generalize  Equations  (35b)  and  (36) 
to  an  n-segmented  wall  by  noting  the  pattern  of  each  parenthetical  grouping 
of  terms. 

Equations  (34)  and  (35)  will  generally  lead  to  larger  a's  (stiffer 
walls)  than  those  obtaining  under  external  pressure.  Therefore,  if  the  lid 
is  already  close  to  being  clamped  under  external  pressure  (arctan  K close 
to  tt/2)  , there  is  no  need  to  bother  with  the  above  refinements  in  the  a 
calculation  when  going  to  a centrifuge  environment. 


X.  NUMERICAL  EXAMPLES 

Here  we  pose  and  solve  a. number  of  problems  in  order  to  demonstrate 
how  the  formulas  and  graphs  of  the  preceding  sections  can  be  used. 
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Example  1.-  A wide-seal  uniform-wall  Kovar  package  of  the  type 
shown  in  Figure  1 has  the  following  dimensions  (in  inches) : 

a = b = .92  t = .015  h = .125  w = .040 


and  the  following  material  properties: 


E = E = 20*106  psi  v = v = .3  a =50  ksi 
w w y 

We  wish  to  find  the  maximum  tensile  stress  in  the  seal  and  the  central 
deflection  of  the  lid  due  to  an  external  screening  pressure  of  30  psi; 
also  the  pressure  required  to  collapse  the  lid. 

In  accordance  with  Equation  (6a)  we  take  a to  be  2,  after  which 
Equation  (7b)  and  Figure  5 give 


arctan  K = 1.56 


(The  closeness  of  arctan  K to  ir/2  indicates  that  in  effect  the  walls  are 
clamping  the  edges  of  the  lid.)  Entering  Figures  7,  8 and  11  with  b/a  = 1 
and  arctan  K = 1.56,  we  obtain 


n.  = .051  n„  = .443  n.  = .00125 

12  4 

Also,  for  p = 30  psi,  we  have 

| . _2SL  A92_\4  = n>1 

Et4  20*106\ . 015  / 

Since  the  wall  cross-sectional  area  (wh)  is  only  around  one-third  of  the 
lid  cross-sectional  area  (ta)  and  arctan  K is  very  close  to  ir/2,  we  shall 
use  parts  (c)  of  Figures  12  and  13  to  find 

nc  = .981  n,  = 6 

5 6 
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Equation  (,12a)  then  gives 


I 

I 

I 


n = 6(.051)  + 2 ( . 443)  ~ (t§|)2  = -343 

We  now  have  all  the  constants  needed  to  compute  the  quantities  we 
are  looking  for.  From  Equation  (11)  we  find  the  maximum  tensile  stress 
in  the  seal  to  be 

S =30  ( (.343)  = 5440  psi 
max  \.04/ 


This  would  be  a safe  stress  if  the  solder  were  one  of  the  higher-strength 
types,  such  as  a gold-tin  alloy,  but  it  could  be  only  marginally  safe  if 
the  solder  were  a lead-tin  alloy.  From  Equation  (20)  we  find  the  center 
deflection  of  the  lid  to  be 


6 = 10-92  ( 20^106)  ("Tils)  3 ( * 92)  ( - 00125)  ( . 981)  = .0043  in. 

which  is  only  around  3 percent  of  the  total  depth  of  the  cavity.  To 
insure  that  the  last  calculation  is  not  invalidated  by  plastic  deforma- 
tion, we  shall  check  to  see  if  the  inequality  (23)  is  satisfied.  From 
the  given  data  we  have 


1.5 


a 

_£ 

E 


14.1 


This  exceeds  n, , which  was  found  to  be  6;  therefore  the  inequality  (23) 
o 

is  satisfied  and  the  above  computed  deflection  can  be  regarded  as  relia- 
ble. Finally,  since  Kovar  is  a ductile  material,  we  shall  use  Equation  (27) 
to  find  the  lid  collapsing  pressure;  it  is 

‘ <4  + 3'2  * 3. 5)  (50*103)  (^)2  - 142  p.l 

Thus,  the  given  screening  pressure  of  30  psi  is  well  below  the  value  re- 
quired to  collapse  the  lid. 
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Example  2.-  Suppose  that  30  psl  is  considered  to  be  a satisfactory 
screening  pressure  for  the  package  of  Example  1 (to  be  referred  to  as 
package  I).  What  screening  pressure  would  be  appropriate  for  a second 
package  (package  II)  identical  in  all  respects  to  package  I except  for 
the  dimension  b,  which  has  been  increased  to  1.92  in.? 

For  package  II  we  still  have  arctan  K = 1.56,  but 


b = 1,92 
a .92 


2.1 


Figures  7 and  8 now  give 


n^  = .083  n ^ = .513 

and  from  Equation  (12a)  we  obtain  the  following  value  of  n for  package  II: 
n = 6 (.083)  + 2(.513)(-j||-)  - = .541 

Applying  Equation  (17),  we  find 

PII  = (30)  19  psi 

to  be  an  appropriate  screening  pressure  for  package  II.  That  is  to  say, 

19  psi  applied  to  package  II  will  produce  the  same  in  the  seal  as 

30  psi  applied  to  package  I. 

Example  3.-  Return  to  the  package  of  Example  1,  assume  that  the 
seal  is  now  of  the  narrow  type  (Figure  3(b))  with  w^  = .010  in.,  and 
determine  the  maximum  tensile  stress  in  the  seal  due  to  the  30  psi  screening 
pressure. 

With  w _ = .010  in.  , we  have  e = .035  in.  Equation  (12b)  then  gives 
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[-051  - i ( 7§|)2 ] TT03577: 


From  equation  (11)  we  then  find 

S = 30(^7)  (.229)  = 3630  psi 

which  is  somewhat  lower  than  that  developed  in  the  wide  seal. 

Example  4.-  Assume  that  the  package  of  Example  1 has  its  base 
changed  from  Kovar  to  ceramic  with  a thickness  of  .025  in. , a modulus  of 
elasticity  of  50><106  psi,  and  a flexural  strength  of  65  ksi.  What  external 
pressure  will  cause  the  base  to  crack? 

We  shall  imagine  the  package  turned  upside  down,  so  that  the  base 
becomes  in  effect  a lid  with 

t = .025  in.  E = 50xl06  psi  o^  = 65  ksi 
and  apply  Equation  (26) . It  gives 

65x103/-92  \2  , 


7 50x10 


as  the  values  of  n^  required  to  cause  fracture.  The  extensional  stiff- 
ness Eat  of  the  ceramic  base  is  much  higher  than  the  corresponding  stiff- 
ness E hw  of  the  wall.  Therefore  parts  (a)  and  (c)  of  Figure  14  are  the 
w 

ones  that  apply.  Assuming  that  the  walls  essentially  clamp  the  edges  of 

ik 

the  base  (as  they  do  the  lid) , we  narrow  the  choice  further  to  part  (c) 
alone.  It  gives  the  following  as  the  value  of  pa4/Et4  needed  to  achieve 
an  n^  of  1.76  with  a b/a  of  1.0: 


£*4  = 5.6 
Et4 


whence  the  pressure  required  to  crack  the  base  is 


This  assumption  can  be  verified  by  determining  K and  noting  that 
arctan  K is  still  rather  close  to  ir/2. 


J 


I 


p 


-~-4"  1 TU 


5.6  Et4  5.6  (50x106)(.025)4  ,r„ 

_ i = 153  psl 

a4  ( . 92 ) 4 

This  is  slightly  higher  than  the  pressure  of  142  psi  that  was  found  to 
be  needed  to  collapse  the  lid  (see  Example  1). 

Instead  of  assuming  clamped  edges  (arctan  K = it/2)  , we  would  have 
interpolated  between  Figures  14(a)  md  (c)  on  the  basis  of  arctan  K. 

However,  Figure  14(a)  alone  give  6 . 1 as  the  required  value  of  n^.  It  is 

only  9%  different  from  the  value  5.6  furnished  by  Figure  14(c).  Therefore 

* 

interpolation  is  not  warranted. 

Example  5.-  Suppose  the  package  of  Example  4 to  be  placed  in  a 
centrifuge  in  such  a way  that  the  centrifugal  force  tends  to  push  the  ceramic 
base  into  the  cavity.  Taking  the  specific  gravity  of  the  ceramic  to  be 
3.85,  determine  how  many  g's  of  centrifuge  acceleration  are  required  to 
crack  the  base . 

We  first  convert  the  specific  gravity  of  3.85  to  a specific  weight, 
d,  by  multiplying  it  by  the  specific  weight  of  water,  which  is  .0361  lbs/in.3. 
The  result  is 

d = .139  lbs/in.3 

The  pressure  required  to  crack  the  base  is  153  psi,  from  Example  5.  The 
equivalence  relation  (28)  therefore  gives 

G = *53-Ab/ln.-2 = 44,000  g's 

(.025  in) (.139  lb/ia3) 

of  centrifuge  acceleration  required  to  crack  the  base.  In  this  calculation, 
since  the  base  is  already  close  to  being  clamped  at  its  edges,  we  have 
ignored  the  fact  that  of  a may  be  different  (higher)  for  centrifuge  loading 
than  for  external  pressure  (see  the  discussion  of  this  point  in  Section  .IX). 

A calculation  using  interpolation  between  Figures  14(a)  and  (c)  has 
been  carried  out.  It  changes  the  computed  base-cracking  pressure  by  only 
1 psi . 
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i. 


Equation  (,12a)  then  gives 


n - 6(.051)  + 2(.443)  ( ) - (~)2  = .343 

We  now  have  all  the  constants  needed  to  compute  the  quantities  we 
are  looking  for.  From  Equation  (11)  we  find  the  maximum  tensile  stress 
in  the  seal  to  be 

S =30  (.343)  = 5440  psi 

max  V . 04/  r 


This  would  be  a safe  stress  if  the  solder  were  one  of  the  higher-strength 
types,  such  as  a gold- tin  alloy,  but  it  could  be  only  marginally  safe  if 
the  solder  were  a lead-tin  alloy.  From  Equation  (20)  we  find  the  center 
deflection  of  the  lid  to  be 


S = 10-92  (-^loe) (7H5)  3 (-92)  (.00125)  (.981)  = .0043  in. 

which  is  only  around  3 percent  of  the  total  depth  of  the  cavity.  To 
insure  that  the  last  calculation  is  not  invalidated  by  plastic  deforma- 
tion, we  shall  check  to  see  if  the  inequality  (23)  is  satisfied.  From 
the  given  data  we  have 


14.1 


This  exceeds  n&,  which  was  found  to  be  6;  therefore  the  inequality  (23) 
is  satisfied  and  the  above  computed  deflection  can  be  regarded  as  relia- 
ble. Finally,  since  Kovar  is  a ductile  material,  we  shall  use  Equation  (27) 
to  find  the  lid  collapsing  pressure;  it  is 

^ultimate  * (4  + 3'2  + 3. 5)  (50x10*)  (^)2  - 142  Psi 

Thus,  the  given  screening  pressure  of  30  psi  is  well  below  the  value  re- 
quired to  collapse  the  lid. 
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Example  6.-  A stepped-wall  wide-seal  package  has  the  following 


dimensions  (in  inches) : 


a = 

.365 

b = 

.670 

t = 

.025 

h = 

.082 

hl  " 

.060 

h2  " 

.025 

w = 

.040 

W1  = 

.049 

W2  = 

.071 

and  the  following  mechanical  properties : 

E = = 20*106  psi  (Kovar)  E = E2  = 8.6xl06  psi  (glass) 

v = v = 0.3  m,  = v„  = 0.2 

w 12 

Determine  the  relationship  between  the  pressure  p applied  to  the  lid  and 

the  maximum  tensile  stress  S produced  in  the  seal. 

max 

From  Equations  (1)  and  (3)  we  have 


_ (2QxlQ6) ( ,025) 3 _ 

D 12^91)  " 28*6  lnrlb 

= (20xl06)(.040)3 

Dw  12(  .91)  " U7-5  lnr,b 

„ _ (8.6x106)(.049)3  „ . .. 

D1 12^96) = 87 -9  ln-"lb 

_ (8.6x1Q6)(.Q71)3  _ 

°2 I2T.96)  " 267  lnrlb 


Then  Equation  (6b)  gives 


= 1.82 
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whence  (Equation  (7)) 


K 


_4_ 

TT2 


.365 

.082 


117.5 

28.6 


(1.82) 


11.1 


Therefore  (Figure  5) 


arctan  K = 1.48 


From  the  given  dimensions  we  have 


a _ .365 
b .6  70 


.545 


- = 1.83 
a 


Entering  these  values,  together  with  arctan  K = 1.48,  into  Figures  7 and  8, 
we  find 


nl  = .074 


n 2 = .515 


whence  Equation  (12a)  gives 


n 


= 6(.074)  + 2(.515)(y||| 


.542 


Equation  (11)  then  gives 


S 

max 


Thus,  for  this  package  a factor  of  45.1  applied  to  the  pressure  will  give 
the  maximum  tensile  stress  in  the  seal.  For  example,  a screening  pressure 
of  100  psi  will  produce  a maximum  seal  tensile  stress  of  4510  psi. 
Conversely,  if  one  wishes  to  stress  the  seal  to  5000  psi,  a pressure  of 


5000 
P = 45.1 


111  psi 


is  required. 
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XI . EXPERIMENTAL  CONFIRMATION 


A.  General  Considerations.-  Two  main  hypotheses  form  the  basis  of 

that  portion  of  the  present  work  dealing  with  hermeticity  failure.  The 

first  is  that  the  lid  can  be  considered  a uniformly  loaded  elastic  rectangular 

plate  with  edges  elastically  restrained  against  rotation.  It,  together 

with  certain  assumptions  regarding  the  distribution  of  stress  across  the 

width  of  the  seal,  leads  to  Equation  (11)  as  the  relationship  between  the 

external  pressure  p and  the  maximum  tensile  stress  S in  the  seal.  The 

max 

second  main  hypothesis  is  that  loss  of  hermeticity  occurs  when  S reaches 

max 

the  ultimate  tensile  strength  S ^ of  the  seal  material.  This  hypothesis, 
taken  together  with  Equation  (11)  , gives  the  following  relationship  between 
and  the  critical  pressure  p^^  required  to  cause  loss  of  hermeticity: 


which  can  be  rewritten  as 

"cr-Suu[(s)2"]  ' <37> 

Thus,  the  present  hypotheses  lead  to  a straight-line  relationship  between 
the  pressure  p causing  loss  of  hermeticity  and  the  package  parameter 
[(a/w)2n]  1 , with  the  straight  line  passing  through  the  origin  and  having 
a slope  equal  to  the  ultimate  tensile  strength  of  the  seal  material 

(see  Figure  16) . 

The  validity  of  Equation  (37) , and  therefore  of  the  hypotheses  on 
which  it  is  based,  can  be  tested  by  means  of  a fairly  simple  experimental 
program.  The  program  would  require  flat-packs  of  various  sizes  and  shapes, 
all  carefully  and  uniformly  sealed  with  the  same  material.  With  the  aid 
of  Equations  (12)  the  value  of  [(a/w)2n]_1  would  be  determined  for  each 
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package.  Each  package  would  also  be  subjected  to  an  external  pressure 
that  is  increased  in  small  steps.  The  package  would  be  leak-tested  after 


each  step,  and  the  pressure  p^  at  which  it  first  loses  hermeticity  would 

be  noted.  Thus,  for  each  package  a pair  of  coordinates  would  be  obtained 

that  could  be  plotted,  using  [(a/w)2n]  1 as  abscissa  and  p as  ordinate. 

cr 

If  the  plotted  points  all  fell  on  a single  straight  line  through  the  origin, 
as  in  Figure  17(a) , that  would  imply  perfect  validation  of  the  theory 
(Equation  (37)),  and  the  slope  of  the  line  would  give  the  effective  ulti- 
mate tensile  strength  of  the  seal  material. 

Of  course,  such  perfect  agreement  between  theory  and  experiment  is 
not  to  be  expected,  partly  because  of  undoubted  shortcomings  in  the  theory 
and  partly  because  of  unavoidable  variations  in  sealing  quality  among  the 
packages.  This  variability  in  sealing  quality  produces,  in  effect,  a 
spectrum  of  S ^ values  instead  of  a single  one  and  would  cause  the  test 
data  to  fall  in  a wedge-shaped  band,  as  in  Figure  17(b),  with  the  angle  of 
the  wedge  depending  on  the  range  of  effective  S values  achieved  in  the 
seals.  If  the  tests  are  performed  using  several  groups  of  packages,  with 
the  packages  nominally  identical  within  each  group  but  differing  from  group 
to  group,  the  test  data  should  fall  as  shown  in  Figure  17(c),  provided  that 
the  range  of  variation  of  seal  strengths  was  the  same  from  group  to  group. 

If  the  range  of  seal  strengths  differed  from  group  to  group  (as  it  might 
if  the  groups  were  of  different  size)  , the  tops  and  bottoms  of  the  verti- 
cal bars  in  Figure  17(c)  would  not  lie  on  perfect  straight  lines  through 
the  origin.  In  that  case,  however,  the  mean  Pcr  values  of  the  various 
groups,  being  less  sensitive  to  sample  size  than  the  range  of  p^^  values, 
should  still  lie  reasonably  close  to  a single  straight  line.  When  the 
sample  sizes  in  the  various  group  are  different,  a reduced  range  of  p^r 
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values,  covering  one  standard  deviation  above  and  below  the  mean  p 

cr 

value,  would  be  preferable  to  total  range  as  a plotting  parameter,  because 
the  standard  deviation  of  the  values  within  any  group  of  packages 

should  also  be  less  sensitive  to  sample  size  than  the  range  of  S ^ values. 
A hypothetical  plot  of  test  data  using  such  a reduced  range  is  shown  in 
Figure  17(d). 

B.  Test  Program.-  Data  furnished  to  the  author  by  a package  manu- 
facturer constitutes,  in  effect,  a test  program  of  the  type  described 
above.  It  involved  579  packages  distributed  among  eighteen  groups,  with 
the  packages  nominally  identical  within  each  group.  The  packages  had 
three-segment  atepped-type  walls,  as  in  Figure  2(b).  The  top  segment 
was  a Kovar  seal  frame;  the  two  lower  segments  were  glass  beads  sand- 
wiching a lead  frame.  The  lids  were  Kovar  and  were  sealed  to  the  wall  by 
means  of  a gold-tin  solder  preform. 

Each  group  of  packages  was  placed  in  a pressure  bomb  and  subjected 
to  external  air  pressure  that  was  increased  in  small  steps.  Each  new 
pressure  was  held  for  approximately  10  minutes,  after  which  the  packages 
were  tested  for  gross  leaks  by  submerging  them  in  a heated  liquid  and 
watching  for  bubbles  emanating  from  the  interior  of  the  package.  The 
leakers  were  removed  from  the  group  and  the  rest  rf  the  group  was  then 
subjected  to  the  next  higher  pressure. 

The  test  program  details  are  summarized  in  Table  1.  Table  1 starts 
by  giving  the  group  designations  (Al,  A2 , B,  C,  etc.)  and  the  number  of 
packages  in  each  group.  Lir.  _s  2 through  15  of  the  table  then  give  the 
dimensional  and  material  characteristics  of  the  packages.  It  will  be  noted 
that  groups  Al  and  A2  are  nominally  identical,  as  are  groups  G1  and  G2. 
Thus,  the  results  obtained  from  these  two  pairs  of  groups  can  serve  to  give 
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some  indication  as  to  the  degree  of  inherent  variability  resulting  from 
the  manufacturing^ assembly  and  testing  procedures.  Lines  16  through  24 
represent  stages  in  the  calculations  leading  up  to  the  value  of  the  para- 
meter [(a/w)2n]  1 for  each  package  group.  Line  25  shows  the  pressure 
increment  employed  in  the  leak  testing,  and  lines  26  to  30  give  the 
main  statistical  information  regarding  the  pcf  values  obtained  for  each 
group  of  packages.  The  detailed  failure  data  on  which  lines  25  to  30 
are  based  are  contained  in  Table  2.  In  Table  2,  p represents  the  pressure  in 
psi  and  N the  nunfcer  of  packages  losing  hermeticity  at  that  pressure. 

Entries  for  which  N = 0 are  not  included  in  the  table. 

C.  Results.-  Line  25  of  Table  1 furnishes  abscissa  values  for  the 
types  of  plots  discussed  in  Section  A;  ordinate  values  are  obtained  from 
one  or  more  of  the  last  five  lines  of  Table  1. 

The  most  significant  representation  of  the  results  is  that  given  in 
Figure  18,  where  the  mean  p^^  values  are  plotted  as  a function  of  f(a/w)2n]  1 . 
Except  for  group  P the  mean  p values  fall  reasonably  close  to  a line 
emanating  from  the  origin,  as  predicted  by  the  theory.  The  solid  straight 
line  is  the  best  fit,  in  a least-squares  sense,  to  all  the  plotted  points, 
excluding  group  P.  Its  slope  leads  to  an  inferred  ultimate  tensile  strength 
of  8450  psi,  which  is  considered  quite  reasonable  for  the  glass  beneath  the 
seal  frame.  Although  there  is  some  scatter  of  the  test  data  relative  to 
the  straight  line,  it  is  not  considered  excessive  in  view  of  the  inherent 
variability,  as  evidenced  by  the  different  mean  pcj_  values  for  the  nominally 
identical  packages  G1  and  G2. 

•k 

The  quoted  strength  of  the  gold-tin  solder  at  the  top  of  the  seal 
frame  is  18,900  psi.  Therefore  the  glass,  with  quoted  strengths  of  10,200  psi 
and  less,  is  considered  to  be  the  weak  link  in  these  packages. 
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The  dashed  straight  lines  in  Figure  18  correspond  to  other  inferred 


r 

| 

l 

values  for  the  tensile  strength  of  the  seal.  It  is  seen  that  the  stronger 
packages  have  an  inferred  seal  strength  of  approximately  10,200  psi,  which 
is  one  of  the  higher  values  quoted  to  the  author  for  the  tensile  strength 
of  the  glass.  The  lowest  dashed  line  shows  that  all  of  the  packages  achieved 
a mean  inferred  seal  strength  of  5000  psi  or  more.  Packages  P turned  out  to 
be  considerably  stronger,  in  terms  of  their  mean  pcj_  value,  than  the  theory 
would  indicate.  There  is  no  explanation  for  this  discrepancy,  although 
it  may  be  significant  that  these  packages  are  the  most  oblong,  with  a b/a 
ratio  of  1.84.  It  is  also  interesting  that  the  inferred  seal  strength  for 
the  P packages  is  16,300  psi,  which  is  not  far  from  the  18,900  psi  value 
quoted  for  the  gold-tin  solder  preform.  This  agreement  is  undoubtedly 
coincidental,  since  the  bubbles  were  observed  to  come  from  between  the  seal 
frame  and  the  glass,  not  from  between  the  seal  frame  and  the  lid. 

In  Figure  19,  the  test  results  are  plotted  in  such  a way  as  to  show 
the  range  of  p ^ values  from  one  standard  deviation  above  the  mean  to  one 
standard  deviation  below  the  mean.  The  fact  that  the  heights  of  the  bars 
tend  to  increase  as  the  abscissa  increases  is  considered  a partial  valida- 
tion of  the  theory,  since  the  theory  predicts  that  a given  range  of  seal 
strengths  will  lead  to  a range  of  pcf  proportional  to  [(a/w)2nj  1 (see  Equa- 
tion (37)). 

In  Figure  20,  the  entire  experimental  range  of  p values  is  plotted 
for  each  package.  The  heights  of  some  of  the  vertical  bars  (e.g. , in  the 
case  of  the  G1  packages)  emphasize  once  again  the  degree  of  variability 
inherent  in  the  p^r  values  of  nominally  identical  packages  and  tend  to 
support  the  author's  earlier  assertion  that  the  scatter  shown  in  Figure  18 
is  not  excessive.  The  dashed  lines  in  Figure  20  show  that  none  of  the  indi- 
vidual packtrtes  had  an  inferred  seal  strength  less  than  3220  psi  or  greater 
than  18,000  psi. 
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In  general  the  experimental  results  tend  to  confirm  the  theoretical 


hypotheses,  although  further  investigation  may  be  needed  to  explain  the 
discrepancy  between  theory  and  experiment  for  the  P group  of  packages. 

XII.  CONCLUSIONS 

Simple  formulas  have  been  presented  that  are  related  to  the  mechanical 
behavior  of  microelectronic  flat-packs  under  external  pressure  and  can 
assist  in  the  design  of  such  packages  or  the  selection  of  suitable  screening 
pressures  for  testing  their  hermeticity. 

The  specific  items  covered  by  the  formulas  are:  maximum  tensile 

stress  in  the  lid-to-wall  seal  (or  seal  f rame-to-glass  bead  seal) , central 
deflection  of  the  lid,  pressure  required  to  crack  or  collapse  the  lid,  and 
the  equivalence  of  external  pressure  and  centrifuge  acceleration  insofar 
as  lid  behavior  and  seal  stresses  are  concerned. 

Numerical  examples  have  been  presented  to  illustrate  the  use  of  the 
formulas,  and  experimental  data  have  been  presented  which  tend  to  confirm 
the  main  hypotheses  on  which  they  are  based. 

From  the  numerical  examples  as  well  as  the  calculations  related  to 
the  test  specimens  it  appears  that  in  most  cases  a simplifying  assumption 
would  be  justifiable,  namely  the  assumption  that  the  edges  of  the  lid  are 
fully  clamped  by  the  walls  to  which  they  are  joined.  This  permits  one  to 
set  the  elastic  restraint  parameter  K equal  to  infinity  (arctan  K = tt/2)  , 
and  thus  avoid  the  sometimes  tedious  precise  evaluation  of  this  parameter. 


TEST  PROGRAM  SUMMARY 


TABLE  2.-  LEAK  TEST  FAILURE  DATA 


APPENDIX  A:  SYMBOLS 


D 

w 


e 


E 

E 


8 

G 


Jequi  valent 


h 

h 

h 

k 


1 

2 


width  of  lid  as  measured  inside  the  cavity,  in.  (a_<b) 
length  of  lid  as  measured  inside  the  cavity,  in.  (b^a) 
specific  weight  of  lid  material,  lb/in.3 

plate  flexural  stiffness  of  lid,  defined  by  Equation  (1) , in^lb 
plate  flexural  stiffness  of  wall  or  of  top  segment  of  step- 
type  wall,  defined  by  Equation  (2) , inrib 
plate  flexural  stiffness  of  second  segment  of  step-type  wall, 
defined  by  Equation  (3) , inrib 

plate  flexural  stiffness  of  third  segment  of  step-type  wall, 
defined  by  Equation  (3)  , in.- lb 
distance  from  inner  edge  of  wall  top  to  middle  of  width  of 
narrow  seal,  in. 

Young's  modulus  of  lid  material,  psi 

Young's  modulus  of  wall  or  of  top  segment  of  step-type  wall,  psi 
Young's  modulus  of  second  segment  of  step-type  wall,  psi 
Young's  modulus  of  third  segment  of  step-type  wall,  psi 
acceleration  of  gravity,  32.2  ft/sec2,  386  in/sec^ 
centripetal  acceleration  in  units  of  g,  dimensionless 
centripetal  acceleration,  in  g's,  equivalent  to  a given 
pressure,  defined  by  Equation  (28),  dimensionless 
height  of  wall,  measured  inside  cavity,  in. 
height  to  top  of  second  segment  of  step-type  wall,  in. 
height  to  top  of  third  segment  of  step-type  wall,  in. 
wall  rotational  stiffness  defined  by  Equation  (4)  and  evaluated 
by  Equation  (5),  in;- lb /in. 


i 


A 
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9 


I 

I 

I 


K 

m 


M 


M 

max 


”b 


N 


maximum  value  of  M,  occurring  at  middle  of  long  side, 
in.- lb /in. 

local  bending  moment  per  unit  width  at  bottom  of  wall, 
inrlb/in. 

number  of  segments  in  step-type  wall,  dimensionless 
dimensionless  constant  defined  by  Equation  (11)  and 
evaluated  by  Equations  (12) 
dimensionless  constant  defined  by  Equation  (8)  and 
evaluated  by  Figure  7 

dimensionless  constant  defined  by  Equation  (9)  and 
evaluated  by  Figure  8. 

dimensionless  constant  defined  by  Equations  (18)  and 
(19)  and  evaluated  by  Figure  11 
large-deflection  theory  correction  factor  to  n^,  defined 

by  Equation  (20)  and  evaluated  by  Figure  12,  dimensionless 
dimensionless  constant  defined  by  Equation  (22)  and 
evaluated  by  Figure  13 

dimensionless  constant  defined  by  Equation  (25)  and 
evaluated  by  Figure  14 

dimensionless  constant  defined  by  Equation  (B4) , evaluated 
by  Equations  (B5)  or  (B6)  or  Figure  22. 
number  of  packages  losing  hermeticity  at  a given  screening 
pressure,  dimensionless 
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p 


net  pressure  acting  inward  on  lid,  psi 


P 

P 

P 

P 


cr 

I 

II 

equivalent 


^ultimate 

saccept 

sall 

S 

max 

t 

V 

V 

max 


w 


w 

s 


pressure  causing  loss  of  hermeticity,  psi 
screening  pressure  for  a previous  package,  psi 
screening  pressure  for  a new  package,  psi 
effective  pressure  due  to  a centrifuge  acceleration, 
defined  by  Equation  (27) , psi 
collapsing  pressure  for  ductile-material  lid,  psi 
minimum  acceptable  strength  of  seal  material,  psi 
allowable  tensile  stress  in  seal,  psi 
maximum  tensile  stress  in  seal,  psi 
thickness  of  lid,  in. 

effective  vertical  shear  intensity  at  edge  of  lid,  lb/in. 
maximum  value  of  V,  occurring  at  middle  of  long  side,  lb/in. 
thickness  of  wall  or  of  top  segment  of  wall,  in. 
thickness  of  second  segment  of  step-type  wall,  in. 
thickness  of  third  segment  of  step-type  wall,  in. 
width  of  seal,  in. 


GREEK: 

a 

6 

5 

max 

0 

y 

v 

V 

w 


dimensionless  proportionality  constant  defined  by  Equation  (5) 
and  evaluated  by  Equations  (6),  (34)  or  (35) 
constant  defined  by  Equation  (32)  and  evaluated  by  Equations 
(33)  or  (36) 

central  deflection  of  lid,  in. 

local  angle  of  rotation  of  top  of  wall,  radians 
parameter  defined  in  Figure  21,  dimensionless 
Poisson's  ratio  of  lid  material,  dimensionless 
Poisson's  ratio  of  wall  or  of  top  segment  of  step-type 
wall,  dimensionless 
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t 


Poisson's  ratio  of  second  segment  of  step-type  wall. 


o 

max 


o 

e 

max 


o 

t 


o 

y 


dimensionless 

flexural  strength  (bending  modulus  of  rupture)  of  lid 
material,  psi 

maximum  tensile  stress  in  lid,  psi 
maximum  effective  stress  in  lid,  psi 

ultimate  tensile  strength  of  lid  material,  psi 
tensile  yield  stress  of  lid  material,  psi 
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APPENDIX  B: 


ORIGIN  OF  COLLAPSING  PRESSURE  FORMULA,  EQUATION  27, 

FOR  DUCTILE-MATERIAL  LIDS 

The  uniform  lateral  pressure  required  to  collapse  a plate  of  ductile 
material  can  be  estimated  by  means  of  a "yield-line  analysis"  similar  to 
the  limit  analysis  technique  used  for  rigid- jointed  frames.  The  yield-line 
analysis  method  is  explained  in  Reference  9. 

Applying  this  method  to  the  rectangular  lid  of  a flat  pack,  with  an 
assumed  yield-line  pattern  as  represented  by  the  dashed  lines  in  Figure  21, 
and  with  p therein  so  chosen  as  to  minimize  the  collapse  load,  one  easily 
arrives  at  the  following  formula  for  the  collapsing  pressure, 
for  the  case  a/b  < 1: 


^ultimate 


48 


[/3  + (a/b)  ^ - (a/b)] 


2 a"1 


(Bl) 


where  m is  the  "fully  plastic  bending  moment"  per  unit  length  of  yield  line, 
acting  across  the  yield  lines.  For  a non-strain-hardening  material  with 
the  same  yield  stress  in  tension  and  compression. 


m = o t2/4 

y 


(B2) 


and  we  shall  assume  the  same  relationship  to  apply,  as  an  approximation, 
to  a strain-hardening  material,  taking  in  that  case  to  be  the  0.2% 
offset  yield  stress. 

The  yield-line  pattern  of  Figure  21  is  a plausible  one  for  the 
limiting  case  a/b-*0.  However,  at  the  other  limit,  a/b  = 1,  E.  N.  Fox 
(Reference  10)  has  found  that  a more  sophisticated  yield  line  arrangement 
prevails  which  leads  to  a collapsing  pressure  of  42.8  m/a2  in  place  of 
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the  value  of  48  m/a2  given  by  Equation  (Bl) . Thus  it  appears  that  Equation 
(Bl)  requires  a correction  factor  of  42.8/48  at  a/b  = 1 and  a correction 
factor  of  1 at  a/b  = 0.  For  simplicity,  we  shall  assume  the  correction 
factor  to  vary  linearly  with  respect  to  a/b  between  these  two  end  points, 
thus  to  have  the  form 


1 


5.2  a 
48  b 


(B3) 


Inserting  this  expression  as  a factor  in  the  right  side  of  Equation  (Bl) 
and  eliminating  m via  Equation  (B2)  , we  obtain  the  following  formula  for 
the  collapsing  pressure: 


^ultimate  = n8  °y(t/a)2  (B4) 

where 

ng  = —12  - (1.3)  (a/b) (B5) 

[/3  + (a/b)2  - (a/b)] 

This  equation  is  plotted  in  Figure  22.  It  is  found  that  the  resulting 
graph  can  be  represented  very  well  by  the  following  second-degree 
parabola: 

ns  = 4 + 3-2f  +3-5(f)2  <B*> 

Since  this  expression  is  much  simpler,  it  will  be  used  instead  of  (B5) . 
Its  substitution  into  Equation  (B4)  leads  to  Equation  (27). 
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(a)  Wide  seal  (w^  w) 


(b)  Narrow  seal  (w^  • w) 


Figure  3.-  Lid-to-wall  seal  geometries. 


(a)  Unequal  moments  at  (b)  Equal  moments  at 

top  and  bottom  of  top  and  bottom  of 

wall.  wall. 


Figure  4.-  Wall  flexure  due  to  bending  moments  applied  at  top  and  bottom 
by  lid  and  base . 


Bending  moment  intensity  at  the  middle  of  the  long  side  for 
a uniformly  loaded  rectangular  plate  with  edges  elastically 
restrained  against  rotation. 


Figure  7, 


max 


Intensity  of  vertical  reaction  at  the  middle  of  the 
long  side  for  a uniformly  loaded  rectaneular  plate 
with  edges  elastically  restrained  against  rotation. 
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Center  deflection  of  a uniformly  loaded  rectangular  plate  with  edges 
elastically  restrained  against  rotation  (small-deflection  theory). 
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Figure  11.- 
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K = 0 (arctan  K = 0) 
and  edges  unrestrained 
against  in-plane 
movement . 


K = 0 (arctan  K = 0) 
and  edges  free  to 
curve  in  the  plane  but 
not  to  strain  axially. 


Figure  12 


Correction  factors  based  on  large-deflection  theory  to  be  applied 
to  small-deflection  theory  value  of  center  deflection  of  lid 
(v»0.3).  Data  adapted  from:  (a)  P.  181  of  Ref.  5 and  p.  150  of 
Ref.  6.  (b)  P.  152  of  Ref.  6.  (c)  P.  190  of  Ref.  5 and  p.  154  of 
Ref.  6.  (c)  P.  156  of  Ref.  6. 


Figure  12 .-Concluded 


(a)  K=0  (arctan  K=0) 
and  edges  unrestrained 
against  in-plane 
movement. 


(b)  K=0  (arctan  K=0) 
and  edges  free  to  curve 
in  the  plane  but  not 
to  strain  axially. 


s gn 


(c)  K=  oo  (arctan  K=tt/2) 
and  edges  unrestrained 
against  in-plane 
movement . 


(d)  K=oo  (arctan  K=tt/2) 
and  edges  free  to  curve 
in  the  plane  but  not  to 
strain  axially. 


Figure  13.-  Graphs  for  determining  maximum  effective  stress 
°e  max  un:*-fornily  loaded  rectangular  plates 

(v  = 0.3).  Source  of  curves:  Reference  6. 


(a)  top  graphs  on  p.  50,  (b)  middle  graphs  on 
p.  48,  (c)  middle  graphs  on  p.  50,  and  (d) 
middle  graphs  on  p.  49.  (By  permission  of  copy- 
right owner,  Granada  Publishing  Ltd.,  St.  Albans, 
Hertfordshire,  England) 


K=oo(frCtan  K=ti/2) 
and  edges  free  to 
curve  in  the  plane 
but  not  to  strain 
axi  al  ly. 


Concluded 


Experimental  mean 


experimental  values  of  P compared  with  theory 
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Yield-line  pattern  assumed  in  analysis 
of  collapsing  pressure  of  ductile- 
material  lids. 


ultimate 


Figure  22.-  Collapsing  pressure  Pu2tjmate  f°r  ductile-material 
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